Background: The etiology of TOF is complex and the genesis of TOF has been associated with environmental factors and genetic disorders, including chromosomal anomalies, aneuploidies, 22q11.2 deletion and single-gene disease. Previous literatures have shown that a chromosome alteration in about 30% patients with TOF and recently published articles reported that 22q11.2 deletion syndrome accounts for 16% cases with TOF diagnosed postnatally. CMA now is considered as gold standard for detecting genetic anomalies in fetuses with congenital malformations. CMA could detect a 6.6-25% incremental yield of CNVs in CHDs. The aim of this study was to assess the genetic anomalies in fetal tetralogy of Fallot (TOF) by using high-definition CMA. Methods: This retrospective study reviewed all the fetuses diagnosed with TOF between 2013 and 2018. Prenatal ultrasongraphic findings, including cardiac angle, and the findings of CMA using Affymetrix CytoScan HD array were collected. Results: Ninety-six fetuses with TOF and known genetic results were enrolled. Right aortic arch was the most common associated anomalies (22.9%). One fetus with trisomy 18, one with 46, XX, t (7;10)(q36;q22), one with 47, XYY and five with trisomy 21 were identified. Clinically significant CNVs occurred in 6.8% and uncertain significant CNVs in 3.4% fetal TOF with normal karyotype. A total of four cases with 22q11.2 microdeletion and two fetuses with Yq11.223q11.23 microduplication have been identified. Genetic anomalies, including chromosomal aberrations and pathogenic CNVs, were significantly higher in the TOF with extracardiac anomaly group than in the TOF without extracardiac anomaly group (P = 0.005). Abnormal cardiac angle was noticed in 24.0% fetal TOF. Genetic anomalies were more common in the TOF with abnormal cardiac angle than with normal cardiac angle (P = 0.001). On the other hand, abnormal cardiac angle was noticed in 64.3% fetal TOF with genetic anomalies while abnormal cardiac angle occurred in 17.1% fetal TOF with normal genetic results (P = 0.001). Conclusions: Genetic testing should be offered, specially using microarray analysis, for the fetal TOF with abnormal cardiac angle or extracardiac defects.
Background
Fetal tetralogy of Fallot (TOF) and its variants comprise ventricular septal defect, overriding aorta and outflow obstruction of right ventricle, with an occurrence of about 8-12% in infants suffering with congenital heart diseases (CHDs) [1, 2] . A combination of anterocephalad deviation of the outlet septum and abnormal septoparietal trabeculations is now accepted as the hallmark of TOF [3] . The etiology of TOF is complex and the genesis of TOF has been associated with environmental factors and genetic disorders, including chromosomal anomalies, aneuploidies, 22q11.2 deletion and single-gene disease. Previous literatures have shown that a chromosome alteration in about 30% patients with TOF [4] and recently published articles reported that 22q11.2 deletion syndrome accounts for 16% cases with TOF diagnosed postnatally [5] .
Chromosomal microarray analysis (CMA) was recently used to detect microdeletions and microduplications prenatally, which was called as copy number variations (CNVs), aiming to exclude fetuses with genetic syndrome. CMA now is considered as gold standard for detecting genetic anomalies in fetuses with congenital malformations. CMA could detect a 6.6-25% incremental yield of CNVs in CHDs [6] [7] [8] and subchromosomal rearrangements could interpret the molecular genesis of heart defects. TOF usually has a favor prognosis after operation, if genetic syndrome could be excluded. It is very important to provide information on the association of fetal TOF and genetic anomalies when prenatal counseling. However, the reports on the relationship between the fetal TOF and genetic anomalies, including chromosomal aberrations and pathogenic CNVs using CMA, are limited.
The aim of this study is to analyze the genetic findings in fetal TOF, and to assess that the association between coexisting anomalies and genetic anomalies, including chromosomal aberrations, 22q11.2 deletion and pathogenic CNVs or not.
Material and methods
This study reviewed all the fetuses that were diagnosed with TOF prenatally between 2013 and 2018 in our institution. Prenatal ultrasonographic presentations of TOF are as follows: ventricular septal defect, right ventricular outflow obstruction and an overriding aorta. In this study, three major types of fetal TOF were enrolled, including TOF with pulmonary stenosis, TOF with pulmonary atresia and TOF with an absent pulmonary valve syndrome. A detailed ultrasound screening, including evaluation of intracardiac anatomy and extracardiac structure, was performed in each case. After two dimensional echocardiography examinations, fetal cardiac volumes were acquired with spatiotemporal image correlation (STIC) through the thorax and stored. Fetal cardiac angles were measured by the operator who had no knowledge of the genetic results. The four-chamber view, which showed the interventricular septum, body of the spine and the sternum clearly, was chosen for measurement. Cardiac angle was defined as the angle between the line going through the sternum and the body of the spine and the line tracing the ventricular septum (Fig. 1) . Specially, the line goes through the sternum and the body of the spine should bisect the thorax into two equal parts. We made measurements of the cardiac angle at the end of systole period when the mitral valve and the tricuspid valve was closed. A frozen frame from real time images or stored volume data sets could be used for measurement of the cardiac angle. If cardiac angle was within the range 45 ± 20°, it would be considered as normal [9] . A detailed pre-test and post-test counseling was provided in all participants and written informed consents were obtained in all patients. The Ethics Committee of the institution has approved this study. According to the coexisting extracardiac defects, fetuses with TOF were divided into two groups: one group with extracardiac defects (TOF-extra) and the other group without extracardiac defects (TOF-no extra). According to the cardiac angle, fetal TOF was divided into TOF with normal cardiac angle (TOF-CAn) group and TOF with abnormal cardiac angle group (TOF-CAab).
Prenatal samples were processed by microarray-CGH (comparative genomic hybridization) and SNP array (single-nucleotide polymorphism) using Affymetrix CytoScan HD array platform (Affymetrix Inc., Santa Clara, CA, USA) for whole genome-wide analysis. Fetal DNA from cultured amnion or cord blood cells was analyzed for detection of copy number gains or losses. Microarray 
Results
One hundred and twenty-four fetuses were suspected with TOF prenatally between 2013 and 2018, with a median gestational age of 23 + 1 weeks. Genetic data or postnatal data could not be obtained in twenty-six cases. Two suspected cases were confirmed as ventricular septal defect by postnatal echocardiography and so these two cases were excluded. A total of ninety-six confirmed fetuses with TOF were enrolled and genetic results and clinical outcomes were collected in all these 96 fetuses, including 80 TOF with pulmonary stenosis, 14 TOF with pulmonary atresia and two TOF with an pulmonary valve absent syndrome (Table 1) . Fetal TOF with extracardiac defects (TOF-extra) were identified in 49 (51.0%, 49/96) cases and TOF without extracardiac defects (TOF-no extra) were identified in 47 (49.0%, 47/96) cases. The associated extracardiac defects in the fetuses with TOF are shown in Table 2 . Furthermore, coexisting intracardiac anomalies were noticed in 43.8% (42/96) fetal TOF and right aortic arch was the most common coexisting anomaly, with an incidence rate of 22.9% (22/96). The type, number and frequency of associated cardiac anomalies are listed in Table 3 . An absent ductus arteriosus was also seen in fourteen cases (14.6%, 14/96). The median of cardiac angle was 50.3°(range from 26.7°to 81.1°). Normal cardiac angle was detected in 76.0% (73/96) cases and the Excluding fetuses that underwent selective reduction or termination of pregnancies, the overall survival rate was 92.1% (35/38) because three fetuses suffered with intrauterine death. Survival rate was not significantly different between TOF with extracardiac defects (TOF-extra) group and the TOF without extracardiac defects (TOF-no extra) group. Genetic anomalies, including chromosomal aberrations and pathogenic CNVs, were significantly higher in the TOF-extra group than in the TOF-no extra group (P = 0.005). However, the incidence rate of intracardiac anomalies, the incidence rate of variations of uncertain significance (VOUS) and cardiac angles were not statistically different between these two groups. More details of these two groups are shown in Table 6 . Prevalence rate of genetic anomalies had no significant difference between fetal TOF with intracaridac anomalies (16.7%, 7/42) and fetal TOF without intracardiac anomalies (13.0%, 7/54) (P = 0.610).
In our data, genetic anomaly was more common in the fetal TOF with abnormal cardiac angle (TOF-CAab) group than in the fetal TOF with normal cardiac angle (TOF-CAn) group, with a rate of 39.1% (9/23) and 6.8% (5/73), respectively (P = 0.001). In the other side, abnormal cardiac angle was noticed in 64.3% (9/14) fetal TOF with genetic anomalies while abnormal cardiac angle occurred in 17.1% (14/82) fetal TOF with normal genetic results (P = 0.001). Conversely, the difference of the survival rate, the incidence rate of intracardiac anomalies, the incidence rate of extracardiac anomalies and the detection rate of VOUS did not reach statistical significance between the TOF-CAab group and the TOF-CAn group. Prevalence rate of genetic anomalies was not significantly different between TOF with pulmonary atresia (7.1%, 1/14), TOF with pulmonary stenosis (16.3%, 13/80) and TOF with an absent pulmonary valve syndrome (0%, 0/2) (P = 0.565). Prenatal ultrasound findings, genetic results with CMA and postnatal outcomes in TOF-CAab group and TOF-CAn group are listed in Table 7 .
Discussion
To the best of our knowledge, our study was one of the largest to evaluate the fetuses with TOF and the associated genetic anomalies. In this study, prenatal ultrasound characteristics, genetic results and clinical outcomes were reviewed and analyzed in 96 fetuses with TOF. TOF was one of the commonest congenital heart disease in cyanosis. Glessner et al. found an increased prevalence of de novo CNVs in cases with conotruncal malformations [11] . Our data showed that pathogenic CNVs occurred in 6.8% fetal TOF and the published article demonstrated that pathogenic subchromosomal arrangements were identified in 5.3% of conotruncal heart defects in our institution [12] . However, the incremental yield of microarray analysis was lower than the meta-analysis study, which reported that an incremental yield of 12% in fetuses with CHDs [13] . So, we do not have sufficient evidence to make a conclusion that pathogenic CNVs are more common in conotruncal heart defects. Chromosome 22q11.2 deletion syndrome, which is also called as DeGorge Syndrome, is the second most common cause of CHD, with a rate of 0 to 18% in different types of CHDs [4, [14] [15] [16] . TOF, interrupted aortic arch, ventriculoseptal defect and truncus arteriosus are the most common cardiac anomalies in patients with 22q11.2 deletion syndrome. Our findings demonstrated that 22q11.2 microdeletion was identified in 4.2% (4/96) fetal TOF. The reported rates of 22q11.2 deletion in TOF were varying from 0 to 18% [4, 16, 17] . A metaanalysis study demonstrated that 18.6% of fetal TOF was complicated with 22q11.2 deletion [18] and TOF with pulmonary stenosis was more frequently associated with major chromosomal anomalies, while 22q11.2 deletion syndrome occurred more common in fetal TOF with pulmonary atresia and TOF with an absent pulmonary valve syndrome [18] . In our series, prevalence rates of chromosomal anomalies and 22q11.2 deletion were not significantly different among TOF with pulmonary atresia, TOF with pulmonary stenosis and TOF with an absent pulmonary valve syndrome. The reason may be that the sample size of TOF with atresia and TOF with an absent pulmonary valve syndrome was relatively small. A significant proportion of the patients were detected with extracardiac anomalies and coexisting with extracardiac anomaly significantly increased the risk for genetic anomalies. A detailed ultrasound evaluation is recommended to exclude extracardiac anomalies, especially to exclude soft markers and hypoplasia of the thymus, and genetic testing with CMA is suggested when coexisting with extracardiac defects. Just as the recommendations published by the American College of Obstetricians and Gynecologists and the Society for Maternal-Fetal Medicine, the fetuses with one or more major structural abnormalities was suggested to perform invasive prenatal diagnosis using chromosomal microarray analysis [19] . Abnormal cardiac angle may be caused by congenital heart diseases [9] , congenital diaphragmatic hernia, [20] abdominal wall defects, [21] occupying lesions such as bronchopulmonary sequestration [22] and so on. Conotruncal malformations may coexist with an abnormal cardiac angle. The study of Zhao demonstrated that the cardiac angle was abnormal in 11.6% out of the 527 cases with CHDs if doing measurement at end systole and they reported that the CHDs with right ventricular volume overload held the highest incidence of abnormal cardiac angle [23] . Abnormal cardiac angle may be caused by the external forces and genetic and molecular markers [24] . The relationship between abnormal cardiac angle and chromosomal anomalies has been reported [25] . Leftward rotation of the fetal cardiac was more severely in fetuses with CHDs and 22q11.2 deletion syndrome when comparing with those with CHDs but no 22q11.2 deletion syndrome [25] . In our cohort, levorotation of the cardiac was noticed in the fetuses with chromosomal aberrations, 22q11.2 deletion syndrome and pathogenic CNVs. The mechanism of leftward rotation in fetuses with 22q11.2 deletion and aneuplodies has been speculated as that was due to the aplasia or hypoplasia of the thymus.
In this study, uncertain significant submicroscopic chromosomal arrangements have been revealed in three cases. In case 19, a 831-Kb microduplication in chromosome 2p24.3 was revealed in the fetus with TOF and single umbilical artery. The gains have not been reported in the normal population. The parents opted for termination of pregnancy because of the cardiac defects. We made a conclusion that the 831-Kb microduplication in In our institution, parents usually choose to terminate the pregnancies with TOF, even though the microdeletions or microduplications are interpreted as VOUS prenatally. The study of Shanshen E aimed to identify potential novel CHD candidate genes and they demonstrated that a high incidence of abnormal genes identified by CMA in CHD patients, including many CNVs of "unknown clinical significance" [26] . Clinical and laboratory evidence is need for confirmation the pathogenicity of CNVs of VOUS. There were several limitations of this study. Firstly, the retrospective design of this study limited that all the cardiac angles were measured retrospectively. Secondly, two of the three fetuses with TOF and uncertain significant CNVs opted for termination of pregnancies. Phenotype after delivery and long-term prognosis, such as cognitive performance or motor development, were not available in these two cases.
Conclusions
In summary, the findings of this study demonstrated that clinically significant microdeletions or microduplications occurred in 6.8% and uncertain significant CNVs was detected in 3.4% fetal TOF with normal karyotype. Genetic anomalies were more commonly associated with extracardiac anomalies and abnormal cardiac angle. A detailed ultrasonographic assessment, including intracardiac and extracardiac structures, should be performed in the fetus with TOF. We would therefore advocate that genetic testing with chromosomal microarray analysis should be recommended and offered when a fetal TOF coexists with extracardiac defects or abnormal cardiac angle. 
